The problem of simulation models capable of predicting the aerodynamic instability of helicopter slung load cargo containers and bluff bodies is addressed. Instability for these loads is known to depend on unsteady frequencydependent aerodynamics, but simulation models that include the unsteady aerodynamics do not currently exist. This paper presents a method for generating such models using computational fluid dynamics (CFD) to generate forced oscillation aerodynamic data and frequency domain system identification techniques to generate a frequency response from the CFD data and to identify a transfer function fit to the frequency response. The method is independent of the responsible flow phenomenon and is expected to apply to bluff bodies generally. Preliminary results are presented for the case of the 6 x 6 x 8 ft CONEX (container express) cargo container. The present work is based on 2D aerodynamic data for the CONEX sideforce and yaw moment generated by a forced oscillation in which frequency is varied smoothly over the range of interest. A first order rational polynomial transfer function is found adequate to fit the aerodynamics, and this is shown to provide a good match with flight test data for the yawing motion of the CONEX. 
Introduction
Carrying underslung loads has long been one of the many applications of helicopters, both in military and civil operations. The load, however, introduces extra dynamics to the system, including potential load aerodynamic instabilities, which can reduce the speed envelope well below the power-limited speed of the aircraft-load configuration. Load-helicopter combinations are certified mostly by means of flight tests. Taking into account the diversity of possible loads (Ref 1) and the exploratory nature of the certification makes this procedure expensive, time consuming and sometimes dangerous. Therefore, simulations are a potentially efficient tool in the preevaluation of the flight envelope and the development of stabilization devices. To date, however, simulations have been inadequate in the case of cargo containers and other bluff bodies because the load aerodynamics have been based on static aerodynamics whereas stability for these loads has previously been shown to be due to unsteady aerodynamic effects (Refs 2, 3, and 4).
The modeling of unsteady aerodynamics associated with slung loads has been the subject of several studies, most of them carried out in the seventies and focused on the 8 x 8 x 20 ft MILVAN cargo container. In references 2 and 3 it was found that the use of quasi-steady derivatives alone was unsuccessful in predicting slung load instabilities, and that subjecting bluff bodies to forced oscillations yielded frequency-dependent aerodynamic coefficients. In references 2, 3, and 4 the cause of unsteady aerodynamic effects was identified with the existence of appreciable phase lags in the growth and
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decay of separation bubbles and with vortex shedding. From these studies, it can be concluded that bluff body aerodynamics are comprised of the following components: static aerodynamics, viscous damping due to angular rates, unsteady aerodynamics of the stationary container due to vortex shedding, and unsteady aerodynamics of an oscillating container due to phase lags in separation bubble growth, and vortex shedding.
Two approaches have been taken previously in modeling unsteady load aerodynamics. The first approach, in work done at Northrop (Ref 4) and at the University of Bristol (Refs 2 and 3) and in reference 5, is to account for the observed oscillatory motions by introducing hysteresis in the moment function. This was based either on modeling the responsible flow phenomena (suction pressure distribution in the separation bubbles and lagged effects of angle rates), or on hypothesizing a model structure for the aerodynamic coefficients that reproduces the observed limit cycle oscillations and tuning the model parameters to the measured motions. The second approach, proposed in reference 6, is to identify the aerodynamic coefficients from forced oscillation input-output aerodynamic data. This approach makes no assumptions about the responsible flow phenomenon and can be applied to any load.
In this paper, the approach from reference 6 is adopted. The current effort benefits from the advent of computational fluid dynamics (CFD) codes that, after validation for the specific application, can rapidly provide considerable unsteady flow aerodynamic data compared to wind tunnel and flight test sources. The effort also benefits from frequency domain identification software that can generate frequency responses from time history data over the frequency range of interest and fit these responses with a model of the aerodynamics. The paper applies this approach to the 6 x 6 x 8 ft CONEX cargo container (Fig 1) which has been the subject of previous slung load studies, including flight testing (Ref 7
, wind tunnel measurement of its static aerodynamics (Ref 8) , and simulation studies (Ref 9) . The goal of this work is to develop a modeling method, or model structure, that captures the unsteady aerodynamics of bluff bodies and can predict slung load instabilities. The present paper reports the initial results of that effort.
This paper first discusses the CFD method, the flow characteristics of the CONEX, and the forced oscillation inputs and corresponding aerodynamic outputs. Then the frequency responses are presented along with a discussion of the effects of amplitude, frequency, reference sideslip angle, and velocity. A transfer function model is defined and fitted to the responses and, finally, simulation results are given. The present study utilizes 2D aerodynamics and focuses on the directional motions of the CONEX. The 2D aerodynamics suffice for estimates of side force and yaw moment, which are close to the 3D values, and also avoids the excessive computation time requirements for 3D unsteady flow computations. The lateral-directional degrees of freedom are thought to account for the instabilities of cargo containers.
Application of CFD to the CONEX
The prediction of unsteady aerodynamic forces on bluff bodies such as the CONEX requires time-accurate solution of the Navier-Stokes equations. A solution method must be able to accurately capture the viscous boundary layer flows as well as the unsteady and complex flow structures associated with vortex shedding. In addition, the method must have the ability to simulate dynamic body motions, either specified forced oscillations or due to aerodynamic forces. 
where t is real time, k is the time step index, ∆t t L a ≡ is the dimensionless time step used in the computations, a is the reference speed of sound, and L is the reference length. In addition, the aerodynamics of bluff bodies are generally expected to be nearly invariant with Reynolds number over the range of Reynolds numbers from wind tunnel models to full scale. This is demonstrated for the CONEX in The computational setup was validated by a comprehensive comparison of time-averaged results with wind tunnel data for the 3D static aerodynamics from reference 8. Validation of the vortex shedding frequency and other properties of the unsteady flow is desirable, but wind tunnel data for this were not available.
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Unsteady aerodynamic modell of a cargo container... In addition, the (2D) wake is unsteady; that is, vortices are periodically shed into the wake alternately from the top and bottom rear corners, even when attitude is fixed. A snapshot of pressure contours in the extended wake is shown in Fig 5. A vortex "street" of successive pressure minimums marking the centers of vortices is clearly visible. The background vortex shedding occurs at a Strouhal number that is invariant with airspeed and was estimated at 0.70 for the CONEX (Fig 3) . The corresponding physical frequency varies with velocity, as specified by its Strouhal number, and increases linearly with airspeed. The background vortex shedding results in continual oscillations of the aerodynamic coefficients at the vortex shedding frequency. Additional graphics and animations for both the static and oscillating CONEX can be seen in reference 18. 
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2D vs 3D aerodynamics
The frequency response data used in the present modeling effort will use 2-dimensional aerodynamics for the x-y cross-section of the CONEX. A comparison of 2D CFD data and 3D wind tunnel data for the static aerodynamics is shown in Fig 6. There is good agreement in magnitude, zeros, and trends for yaw moment and moderate agreement for sideforce, while drag differs by a factor of about 1.7. A similar difference between 2D and 3D drag is known in the literature on flat plate aerodynamics, but this difference does not affect the present modeling effort that will consider only the unsteady sideforce and yaw moment 
Modeling Approach

Concept
In simulations, the aerodynamics model provides a relation between the flow variables (incidence angle of interacting body, velocity, air properties, etc.) and the aerodynamic forces and moments produced. To include the dynamic effects of unsteady flow, the aerodynamics of a body can be viewed like any other dynamical system, with outputs such as forces and moments, and with inputs such as incidence angles, flow velocity, density, temperature, etc. (Fig 7) . In applications, the time scale separation between the flow dynamics and the driving inputs is usually large enough to consider the outputs as time invariant, thereby reducing the aerodynamics to a static problem. In some cases quasi-static terms dependent on input derivatives α β o o , , , , p q r are included. These are computed from behavior in the vicinity of zero rates. However, wind tunnel studies of bluff bodies have shown that static and quasi-static descriptions are insufficient to fully characterize their aerodynamics. This results from the nature of the flow around such bodies, which is dominated by massive separations involving large time scales. Thus, given the increase of the flow time scale towards that of the driving inputs, the aerodynamic forces and moments can no longer be considered time invariant. As wind tunnel studies indicate in the case of cargo containers, this is mainly reflected in the interaction between the incidence angle and the separation bubble growth, resulting in the latter lagging the motion. In this case, only the incidence angle varies in a time scale similar to that of the flow dynamics, whereas all the other inputs, such as velocity and air properties, vary slowly enough to be considered time invariant. The outcome is then a dynamic system affected by the time varying input vector θ(t), defining the incidence of the load, as well as by time invariant inputs defining the magnitude of the flow velocity V and the free-stream air properties.
Aerodynamics V(t) q(t) r(t), T(t), p(t),... F(t), M(t)
Fig . For this initial study of the problem, we further simplify from the 3D aerodynamic system (three input angles, six output force and moment components) to a 2D system that drives the slung load lateral-directional dynamics (Fig 8) . This neglects some, but not all, of the aerodynamic couplings. Furthermore, given that the CONEX has a nearly cubic shape, then no significant changes are expected between the flow phenomena governing the aerodynamics of the lateral-directional and the longitudinal dynamics. The 2D system has a single input (sideslip) and three outputs (drag, sideforce, yaw moment), which require three independent input-output relations. Each of these relations can be represented in the frequency domain by a rational transfer function:
In reference 6 a model for the 8 ft x 8 ft x 20 ft MILVAN cargo container was derived using limited wind tunnel data from reference 3. It was found that a rational transfer function with second order numerator and denominator
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Collecting terms:
where CN unsteady denotes the yaw moment contribution due to unsteady aerodynamic effects from higher order angle derivatives and other terms:
Generally, the order of the transfer function is selected to minimize complexity while retaining adequate accuracy of fitting the available data. Derivatives with respect to yaw rate, r, are neglected in the model because there are no first order sources of these effects, such as a vertical tail, so that flow lag effects represented by the sideslip derivative can be assumed to dominate the quasi-static angular rate effects.
Procedure
An approach based on system identification in the frequency domain was taken in the present effort to model the dynamics associated with bluff body aerodynamics. The three principal steps in the procedure are (1) obtain the response of the system to excitation over the frequency range of interest, (2) extract a frequency response (Fourier transform) from the input and output time histories, and (3) fit a transfer function to the frequency response. This approach is commonly used in control system analysis. It can be applied to any dynamic system, and in the case of bluff body aerodynamics, it makes no assumptions about the responsible flow phenomena and can be applied to any type of load for which unsteady aerodynamics are important.
The identification procedure for the present work is depicted in Fig 9 and can be divided into five steps. First the input forced oscillation in sideslip angle is defined to excite the system over the desired frequency range and at an appropriate amplitude. This can be done using a set of fixed frequencies distributed over the desired frequency range, as has been done in wind tunnel studies, or using a single input time history in which the frequency varies continuously over the desired range (frequency sweep) as has been done in control system identification work. Second, this signal is used in the CFD simulation to generate the corresponding forced oscillation aerodynamic data. Third, the CFD output and the input signals are preprocessed to remove data anomalies (dropouts and wild points), to scale the data from the dimensionless time of the CFD computations to real time at the reference speed of the present study (60 kts), and to account for the inevitable differences between CFD and simulation conventions regarding axes, signs, reference areas, point about which moments are taken, etc. 
67-6
Unsteady aerodynamic modell of a cargo container... The sweep gives uniform spectral content over the frequency range. This results in a smoother frequency response than can be obtained from a set of discrete frequencies distributed over the frequency range. In addition, the sweep requires only a single run that is only as long as would be required for a fixed frequency run at the lowest frequency for a sufficient number of cycles.
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Sweep Amplitude
The choice of amplitude is a compromise between large enough amplitude to allow proper growth of the separation bubbles and excitation of the unsteady aerodynamics, and small enough amplitude to avoid regions of excessive nonlinearity of the aerodynamics. The static aerodynamics vs sideslip are shown in Fig 10 for 
Frequency range and sample time history
The frequency range of the computations should include the vortex shedding frequency in order to capture the effect of the interference between body oscillations and the flow dynamics. Fig 11 shows the aerodynamic response (drag, sideforce, yaw moment coefficients) to a frequency sweep input around βo = 0. The response exhibits two frequencies: (1) the frequency of the driving oscillation, and (2) a higher constant frequency associated with vortex shedding that is present independent of the input frequency. The oscillations due to vortex shedding are visible in greater detail in Fig 12, which shows the initial 10 sec interval from Fig 11 during which attitude is fixed. The drag coefficient oscillates at twice the vortex shedding and input frequencies owing to its symmetry about zero sideslip angle. (This would not be the case at other angles.) Amplitudes at the vortex shedding frequency are somewhat larger than amplitudes due to the 20 o forced oscillation. The sideforce and yaw moment oscillations due to vortex shedding are, surprisingly, larger than the extreme values of the 3D static aerodynamics for these coefficients, but are consistent with the fluctuations seen in wind tunnel studies of square and rectangular cylinders (e.g., Ref 21) . This suggests the possibility of significant differences between fluctuations for the 2D and 3D unsteady aerodynamics but this was not evaluated.
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Unsteady aerodynamic modell of a cargo container... give better coherence at higher frequencies, and conversely, and the largest window defines the minimum frequency in the computed response. The largest window used should be no larger than 1/3 of the record length. In the result (Fig 13) , the CN response loses adequate coherence at 9 rad/sec and above, while the CS response loses adequate coherence at 7 rad/sec and above.
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Transfer function fits to the responses were made over the frequency range with adequate coherence. Coherenceweighted fits were generated with the CIFER ® fitting utility.
For CN it was found that first order numerator and denominator polynomials sufficed for a low cost fit owing to the flatness of the response. For the same reason there was poor separation of the first order numerator and denominator terms; that is, the cost of the fit had low sensitivity to large proportional changes in these two coefficients. However, the fit for CS gave negligible values of the first order numerator coefficient ( CS
the denominator coefficient (time constant) was well determined. In the final computations, the CN and CS responses were fit simultaneously with the constraint that the denominator dynamics representing flow lags be identical, as they should be physically. Numerical values of the coefficients are given in the table (units are deg,  sec) . These values correspond to 60 kts. The transfer function can be extended analytically to other airspeeds as given in the next section.
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Tuesday 
Frequency Response Near the Vortex Shedding Frequency
In the CN response around βo = 0 (Fig 13) coherence drops below acceptable values for forcing frequencies above 9 rad/sec, so that behavior across the vortex shedding frequency at 12.4 rad/sec is poorly defined in these results. However, the available results capture the frequency dependence of CN up through 9 rad/sec satisfactorily. Several attempts to improve the high frequency coherence were made but were unsuccessful. The frequency sweep was revised to spend more time at high frequencies and a number of discrete frequency runs were made for frequencies distributed over the range (Refs 9 and 20) rad/sec. The discrete frequencies showed coherence near zero in the vicinity of the vortex shedding frequency, suggesting that there is little response to the forcing input compared to the independent vortex shedding effects at this frequency. Nevertheless, the computed response showed the expected 180° phase shift as the forcing frequency goes through the vortex shedding frequency.
Sideslip Offsets 
where Vref is the reference airspeed at which the coefficients were identified. Since this model applies in the vicinity of β = 0, it can be used for studies in which the CONEX is stabilized to trim at β = 0. However, the model will be applied at all β in the simulation tests described next. This approximation neglects changes in the higher order dynamics of the aerodynamics with sideslip, but captures the essential lag of the denominator dynamics at all sideslip angles.
The simulation was implemented using the MATLAB Simulink ® utilities that conveniently implement transfer functions.
Results
Yaw rate response to offset initial conditions at 60 kts is shown in Fig 15. The baseline model for CN results in a neutrally damped non-divergent sideslip oscillation around zero. However, if the viscous damping ( CN β o ) is removed, then the yaw rate is driven to a nonzero average steady state value, which represents a balance between swivel friction and destabilizing aerodynamic yaw moment due to the unsteady aerodynamics. After nulling the viscous damping, the swivel friction term was also adjusted to match the steady state yaw rate measured in the flight data. Thus, there is some interchangeability between viscous damping and swivel friction in this validation exercise. Attempts to measure the swivel friction directly were inconclusive. 
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Summary of Results
This paper has presented preliminary results from the combined use of CFD and system identification techniques to obtain a simulation model for the unsteady aerodynamics of the 6 x 6 x 8 ft CONEX cargo container. Detailed results from this study are:
1. The (2D) CONEX flow field at fixed attitude is characterized by separation bubbles along the sides with attitude-dependant geometry, and a massive wake which is unsteady owing to vortices that are regularly shed from the rear corners and at a reduced frequency which is invariant with Mach number and Reynolds number. During attitude oscillations, there are lags in the variation of the separation bubble structure, and vortices are shed at the frequency of the forced oscillation as a side retreats from its peak attitude.
2. The CFD computational setup was validated against 3D static aerodynamic wind tunnel data. Attempts to validate the background vortex shedding frequency and its effects on the coefficient dynamics were hampered by lack of wind tunnel data.
3. The present modeling work used 2D aerodynamics to reduce the CFD computation time requirements. It was found that the 2D sideforce and yaw moment (static) coefficients were close to the 3D values and suffice for simulation of the CONEX yaw dynamics in flight. However, possible significant differences between 2D and 3D unsteady flow effects on the coefficients remain to be evaluated.
4. The identification procedure views the aerodynamics as an unknown dynamic system in which the force and moment outputs are dependent on the frequency of the attitude inputs. The frequency sweep forcedoscillation input provides all the data needed to define the frequency response over the frequency range of interest in a single computational run. Input amplitude was selected to excite the flow lags sufficiently without including excessive nonlinearity of the aerodynamics. Frequency responses were well defined out to near the vortex shedding frequency but coherence was low around that frequency. This indicates a lack of input-output correlation at that frequency.
5.
A transfer function fit of the frequency response for the nearly-cubic CONEX required only first order numerator and denominator to represent the aerodynamic response of the CONEX in the vicinity of zero sideslip angle (large face into the wind) with adequately small residuals. The model was extended analytically to speeds other than the reference speed of the identification, and was also modified to replace the linearized static stability term with the nonlinear static aerodynamics to account for large angles.
Although the unsteady aerodynamic model was found to vary with sideslip angle, the time delay was approximately independent of sideslip.
6. A simulation of the CONEX yaw motions resulted in an excellent match to the yaw motions measured in flight in which the suspended CONEX spins up to a steady state average yaw rate that increases with airspeed. The match required tuning the aerodynamic model; the linear static aerodynamics were replaced with the nonlinear 3D static aerodynamics, and the higher order numerator dynamics (quasi-static derivatives) were neglected.
Important issues for further investigation include (1) the extension to a model for the 3-dimensional aerodynamics, (2) a method of accounting for variations in the dynamic model with sideslip angle, and (3) a demonstration that the model can predict the critical speed at which the underslung CONEX develops pendulum instability due to the aerodynamics.
Conclusions
The combined use of CFD computations and system identification techniques to obtain a simulation model for the unsteady aerodynamics of bluff bodies has been demonstrated. Theoretical models for the unsteady aerodynamics, which account for the load yaw motions and the instability of cargo container slung loads, are unknown. Once validated, CFD can generate generous amounts of aerodynamic coefficient data as well as comprehensive information on details of the flow. The identification procedure is based on forced attitude oscillation frequency sweep data over the frequency range of interest and results in a transfer function model of the dynamics, with order and parameter values to be determined from the data. This procedure is independent of the responsible flow phenomenon and can be applied to bluff bodies and slung loads generally. Application to the CONEX cargo container was successful in reproducing the load yaw motions seen in flight over the stable speed envelope of the CONEX.
